Transmission of unwanted vibration to sensitive systems can cause various problems including performance degradation and system malfunction. The most common approach to limit the transmission of harmful vibration disturbances to the sensitive system is adapting passive vibration isolator. The classical passive vibration isolator comprising a viscous damper and spring element in parallel, however, exhibits conflicting performance characteristics in that low amplification at the resonance, which is desirable, can only be achieved at the sacrifice of vibration isolation performance in high frequency region, which is undesirable. In this paper, vibration isolation characteristics of various passive isolator schemes in literature to circumvent this conflict are introduced and compared.
Introduction
Transmission of vibration disturbance to precision machineries or payloads may result in seri- † 교신저자 ; 정회원, KAIST 항공우주공학전공 E-mail : jaehunghan@kaist. ous performance degradation or system malfunction.
Although various methods exist to limit the transmission of unwanted vibration, use of vibration isolator is often the preferred solution. In simplest form, vibration isolation can be achieved passively by inserting a resilient member(usually energy dissipating member is also included) into the vibration transmission path. One major drawback of using a conventional isolator composed of a resilient member and a viscous damper is that amplification at the resonance can be lowered only at Dae-Oen Lee and Jae-Hung Han 818/한국소음진동공학회논문집/제 22 권 제 9 호, 2012년 the expense of degraded isolation performance at high frequencies (1) . Although active/semi-active vibration isolation method can be adapted to circumvent this trade-off (2, 3) , passive method is still preferable in many cases due to its simplicity and reliability.
Variations from the conventional passive vibration isolator to achieve low amplification at the resonance while maintaining high roll-off rate at high frequencies utilizing only the passive components have been studied (1,4~8) . In this paper, vibration isolation characteristics of passive isolators that have been designed to simultaneously achieve high damping at the resonance and high isolation roll-off rate are compared in terms of their absolute transmissibility.
Isolation characteristics of passive vibration isolators
The performance of a vibration isolator can be evaluated through absolute transmissibility which is defined as the ratio of the magnitude of transmitted vibration to harmonic excitation (1) . Because the transmissibility of motion(motion transmission from base) is equivalent to that of the force (force transmitted to fixed foundation), only motion transmissibility is used to analyze isolation characteristics of various passive isolators.
Conventional isolator
A conventional passive vibration isolator is composed of a resilient member and viscous damper as shown in Fig. 1 . The equation of motion for the system shown in Fig. 1 and high roll-off rate. In order to achieve both low amplification and high roll-off rate, alternate schemes must be adapted.
Skyhook damper
The skyhook damper (9) is an ideal passive vibration isolator that can achieve low amplification at resonance without aggravating isolation performance at high frequency region. In the sky- The transmissibility of the skyhook damper is shown in Fig. 5 . As expected, the roll-off rate remains the same regardless of the damping value unlike the conventional isolator. In addition, whereas the isolation frequency is always fixed at 2 n ω ω = in the conventional isolator, isolation effects can be achieve at the lower frequencies by using high damping in the skyhook damper.
Although skyhook damper shows desirable isolation characteristics using just passive components, physical realization of skyhook damper, specifically the connection of viscous damper to inertial reference frame, is not practical in most situations. Either active or semi-active control method is used to realize skyhook damper in practice.
Isolator with internal damping
Various damping mechanisms other than viscous damping exist including frictional and structural damping. Damping mechanism of a partic- (1 )
Because the damping term is dependent on the However, the improvement in high frequency isolation performance is still significant and the application of viscoelastic materials is the most frequently adapted method in vibration isolation.
Virtual skyhook isolator
The concept of virtual skyhook isolator that has the performance of a skyhook damper without the need of an inertial reference was introduced by
Griffin, et al (5) . The configuration of the virtual skyhook isolator is show in Fig. 8 . Tuned secondary spring-mass-damper system is attached to the payload mass in a similar fashion to vibration absorber. The difference between virtual skyhook isolator and other tuned mass dampers is that the former focuses on the attenuation of high frequency isolation characteristics whereas the latter is generally used to reduce vibration at the resonance. In order to achieve high roll-off rate with low amplification at the resonance, damping of viscous dashpot that connects the base and payload mass must be small, and the natural frequency of secondary system must be tuned at the proximity of the natural frequency of the primary system. The equation of motion and the transmissibility are given in Eqs. 7 and 8, respectively.
The transmissibility of a virtual skyhook iso- 
. The optimum damping value that yields lowest amplification at this frequency is lator is not difficult to achieve, and relaxation vibration isolators for space application have been successfully fabricated using bellows (7) and shunted circuit with electromagnetic transducer (8) . 
Comparison of various passive vibration isolator characteristics

Conclusion
In this paper, vibration isolation characteristics of various passive isolators have been discussed and compared. The tradeoff between low amplification at the resonance and isolation performance at high frequency which exist in conventional isolator can be avoided using only the passive components by adapting different schemes including skyhook damper, virtual skyhook isolator, isolator with internal damping and relaxation isolator.
